Introduction
Oil shale as an alternative resource awaiting exploitation has received much attention [1] [2] [3] [4] . In China, oil shale was formed mainly in lacustrine environ-ments, such as Tertiary oil shale in the Huadian [5] and Fushun areas [6] , and Cretaceous oil shale in the Songliao basin [7] . Marine oil shale was mainly found in the Qiangtang basin, northern Tibet, China [8] [9] [10] , including the Shengli River-Changshe Mountain oil shale zone and the Bilong Co oil shale zone. These zones represent a large marine oil shale resource in China. Therefore, studies of these oil shale zones are important for assessing petroleum prospects in the Qiangtang basin and the overall significance of marine oil shale researches in China.
In recent years, rare earth elements (REEs) in coal and shale have received much attention [11] [12] owning to their stable geochemistry characteristics and potential economic value. Therefore, many researchers have studied REE geochemistry of different coals and shales [12] [13] [14] [15] [16] . However, little work has been done so far on the distribution of REEs in oil shale, especially in marine oil shale.
With the aim of better understanding geochemistry of marine oil shale, this paper investigates the content, modes of occurrence, and vertical variations of REEs in the Jurassic marine oil shale from the Bilong Co area.
Geological setting
The Qiangtang block, marked by Hoh Xil-Jinsha River suture zone to the north and Bangong Lake-Nujiang River suture zone to the south, respectively, consists of the North Qiangtang depression (North Qiangtang sub-basin), the central uplift and the South Qiangtang depression (South Qiangtang sub-basin) (Fig. 1a) [17] . The Bilong Co oil shale is located in the northern part of the South Qiangtang depression, northern Tibet plateau, China (Fig. 1a) .
Jurassic strata are the most complete and extensive marine deposits in the Bilong Co area (Fig. 1b) , including Lower Jurassic Quse Formation, Middle Jurassic Sewa Formation, Buqu Formation and Xiali Formation, and Upper Jurassic Suowa Formation. The Bilong Co oil shale was formed in the Early Jurassic time (i.e. Quse Formation strata) [18] . Sedimentary rocks of this stage are mainly made up of gypsum, shale, marl, micritic limestone, mudstone and oil shale.
Samples and analytical methods
The studied section is located in the Bilong Co area, the southern part of the Qiangtang basin (Fig. 1a) . A total of 18 samples were collected from this section. Thirteen of them were collected from oil shale seams with a vertical sampling interval of 1 m on average, and the other five samples were collected from micritic limestone layers. All samples were collected and stored in plastic bags to ensure as little contamination and oxidation as possible. The samples for geochemical analysis were all crushed and ground to less than 200 mesh. Major element data were collected using X-ray fluorescence (XRF) on fused glass beads using a Rigaku ZSX100e spectrometer in the Analytical Center, Chengdu Institute of Geology and Mineral Resources. The analytical procedures are similar to those described by Kimura [19] . The analytical uncertainty is usually <5%. REE concentrations were determined by a Perkin Elmer Sciex Elan 6000 inductively-coupled plasma mass spectrometer (ICP-MS) at the Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, following the method of Qi et al. [14] . The analytical precision is generally within 5%. Ash yield and the content of total sulfur were conducted at the Coal Field Geological Bureau of Heilongjiang Province, following the Chinese standard methods GB/T212-2008 [20] and GB/T214-2007 [21] , respectively. Organic sulfur and total organic carbon (TOC) were determined in the Geological Laboratory of Exploration and Development Research Institute of PetroChina Southwest Oil and Gas Field Company, using chemical method according to Chinese standards GB/T215-2003 [22] and GB/T19145-2003 [23] , respectively. The mineral phases were determined by optical microscopic observation and powder X-ray diffraction spectrometer (XRD) (D8 ADVANCE using Cu Kα radiation set at 35 kV and 40 mA with a 3-50° 2θ range) at Tianjin Institute of Geology and Mineral Resources.
Results and discussion

Oil shale characterization and mineralogy
The TOC content of thirteen oil shale samples from the Bilong Co area varies from 6.75% to 19.20%, whereas micritic limestone samples contain 0.36-2.10% TOC ( There are a large variety of minerals in oil shale samples. Microscopic observation has revealed that the mineral component is normally higher than 45% by volume, ranging between 41.6% and 68.7%. These comprise mainly carbonates (19.8-42 .3%), quartz (7.0-16.3%), clay minerals (21.2-36.5%) and pyrite (0.3-5.3%). Table 2 summarizes the semi-quantitative results of the mineral composition of the Bilong Co oil shale samples determined from the XRD analysis. Calcite, quartz, kaolinite and illite are the most abundant minerals (Table 2) . Dolomite, pyrite, mix-layer clays, feldspars, anhydrite, as well as some weathering oxidation products such as haematite, are also present.
Major element geochemistry
Major element data in conjunction with mineralogical data may be used to establish the element-mineral associations for oil shale. Although the element associations may vary from one oil shale to another, a correlation analysis would demonstrate the general trends. The results of major element analysis of oil shale and micritic limestone samples are listed in Table 1 . The major oxides in oil shale samples are dominated by SiO 2 (17.53-31.17%), In the Bilong Co oil shale, most major elements show positive correlation with ash yield at 95% confidence level; they are SiO 2 (r = 0.88), Al 2 O 3 (r = 0.83), K 2 O (r = 0.85), Na 2 O (r = 0.36) and TiO 2 (r = 0.77) (Table 3) , indicating that these elements are mainly associated with minerals.
The elements Si, Al, Ti, K and Na are mainly associated with quartz and clay minerals. The significantly positive correlations among all these elements (Table 3) demonstrate that Si, Al, K, Na and Ti originate mainly from a mixed clay assemblage, which is consistent with the occurrence of kaolinite, illite, and illite/smectite mixed layers identified by the XRD analysis. The Al/Si ratios of oil shale and micritic limestone samples are low (0.38-0.42), suggesting that SiO 2 has another source in addition to clay minerals. The abundant quartz identified by the XRD analysis suggests that the extra SiO 2 is present in the form of quartz.
Two major elements showing a very close relationship are iron and total sulfur. The correlation coefficient (0.94) ( Table 3 ) is highly significant. Iron and sulfur content increases together reflecting the abundance of pyrite, which is consistent with the occurrence of pyrite identified by the XRD analysis. Additionally, the results of this study also show that there is a significant correlation between iron and SiO 2 (r = 0.37), Al 2 O 3 (r = 0.46), K 2 O (r = 0.39), Na 2 O (r = 0.62) and TiO (r = 0.48) ( Table 3 ), indicating that iron is also present in the clay minerals.
Calcium displays a positive correlation with MgO (r = 0.35) and MnO (r = 0.35) and appears to be related to the Ca-bearing minerals such as calcite, present in all the samples. Calcium is believed to be present in more than one form such as carbonates and organic association, as inferred by Mukhopadhyay et al. [24] . Note that oil shale samples BP-7-1, BP-7-2, BP-7-3, BP-10-2, BP-14-1 and BP-14-2 contain much CaO (Table 1) corresponding to abundant bivalve and gastropod fossil remains, which suggests that Ca is also related to the fossil remains.
In the Bilong Co oil shale, positive relationships have been recorded between organic sulfur and Ca (r = 0.27), P (r = 0.27), Mn (r = 0.30) and Fe (r = 0.23) indicating that these elements are also present in organic matter. However, the correlation coefficients between organic sulfur and Ca, P, Mn and Fe are low, suggesting that these elements have another source in addition to organic association. The close relationships between total sulfur and P 2 O 5 and Fe and the slightly positive correlations between CaO and MgO and MnO further support the above recognition. 
REE parameters
The concentration of REEs and Y of 18 samples from the Bilong Co oil shale is presented in 
REE distribution patterns
All oil shale samples show similar chondrite-normalized REE patterns and have clearly fractionated LREEs relative to HREEs, showing a distinct negative Eu anomaly (Fig. 2a) . These patterns are generally similar to those of micritic limestone samples from the Bilong Co area (Fig. 2b) . Especially, when normalized to NASC, these oil shale and micritic limestone samples generally show shale-like or slightly LREE-rich patterns (Fig. 3a, b) , and a lower Eu anomaly (the values of δEu range from 0.94 to 1.08) in comparison to the chondrite-normalized one, indicating that REEs of these different lithological samples may have been derived from a similar terrigenous source and the Eu anomaly was inherited from the source rocks [29] . When normalized to the average compositions of micritic limestone from the Bilong Co area, approximately three quarters of total oil shale samples show horizontal REE patterns, whereas a quarter (e.g., BP-7-1, BP-7-2 and B-7-3) of total samples displays a slight depletion in middle-REE (Fig. 4) , indicating that small quantity of middle-REEs may be decreased and/or retain during epigenesis [30] . 
Vertical distribution of the elements
The vertical distributions of the investigated elements in selected section are shown in Fig. 5 .
(1) Although not a consistent pattern, ∑REE content generally increases from micritic limestone layer to oil shale seam (e.g., from ply BP-9 to ply BP-10-1; Table 4 ). Similar vertical variations are observed for ash, Si, Al, K, Na and Ti, which are attributed to a change of deposition conditions. Influenced by regional tectonics, sea level fluctuations in the Qiangtang basin were frequent during the Early Jurassic time [17] , leading to different depositional environments from micritic limestone to oil shale. Therefore, seawater invasions may play an important role in controlling the content of Si, Al, K, Na, Ti and REEs. (2) The vertical variations of total sulfur are similar to that of Fe, which is attributed to the presence of some pyrite crystals in the oil shale seams. (3) Oil shale samples exhibit high organic sulfur content, whereas the content for the micritic limestone samples is lower. Similar vertical variations are observed for P. P is useful nutrients for plant growth [31] , and P may be regarded as an element associated with high productivity [32] [33] . The combination of high productivity and anoxic environment is in favour of the deposition of oil shale [10] and this could explain the consistent variations between organic sulfur content and P content. 
The mode of occurrence of REE
Coarse-grained detrital minerals are rare in the Bilong Co oil shale; the absorption of fine-grained minerals and organic matter may be the main mode of occurrence of REEs. The individual REE contents of oil shale samples from the Bilong Co area are highly positively correlated with Al content (Fig. 6) In contrast, the content of ∑REE in oil shale samples shows a negative correlation with organic sulfur, with the coefficient of -0.49 (Table 3) . In reductive depositional environments, ferrous Fe reacts preferentially with H 2 S resulting in the formation of iron sulfides, whereas H 2 S reacts with organic matter to produce organic sulfur under high H 2 S and low ferrous iron concentrations [11] . As discussed above, Fe in oil shale samples from the Bilong Co oil shale is present in the pyrite and the ferric ion-containing clay minerals. Consequently, low clay mineral abundance can lead to the formation of organic sulfur when enough H 2 S is supplied [11] , and this could explain the negative correlation between ΣREE and organic sulfur in oil shale samples. 
Conclusions
